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Available online 23 September 2014AbstractThe influence of three factors, such as volume percentage of reinforcement particles (i.e. Al2O3), tool tilt angle and concave angle of
shoulder, on the mechanical properties of CueAl2O3 surface composites fabricated via friction stir processing was studied. Taguchi method was
used to optimize these factors for maximizing the mechanical properties of surface composites. The fabricated surface composites were
examined by optical microscope for dispersion of reinforcement particles. It was found that Al2O3 particles are uniformly dispersed in the stir
zone. The tensile properties of the surface composites increased with the increase in the volume percentage of the Al2O3 reinforcement particles.
This is due to the addition of the reinforcement particles which increases the temperature of recrystallization by pinning the grain boundaries of
the copper matrix and blocking the movement of the dislocations. The observed mechanical properties are correlated with microstructure and
fracture features.
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Friction stir processing (FSP), a solid state technique based
on the principle of friction stir welding, is used for material
processing in order to modify the microstructures and me-
chanical properties of surface composites and to fabricate the
surface composites [1,2]. Firstly the tool without pin is used
and traverses along the grove consisting of reinforcement
particles thus forging it. Later the tool with pin is used and
moves along the desired line to cover the region underneath
the shoulder. Friction between the tool and work piece results
in localized heating that softens and plasticizes the work piece.
During this process, the material undergoes plastic* Corresponding author. Tel.: þ91 9492783067; fax: þ91 08702462834.
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2214-9147/Copyright © 2014, China Ordnance Society. Production and hosting bydeformation, thus resulting in grain refinement to improve its
mechanical properties.
Pure copper is used in many industrial applications due to
its high thermal and electrical conductivity, plasticity, softness
and formability. Although pure copper is mostly used in
electrical applications such as high-performance electric
switches and sliding contact materials [3]. However, exces-
sively high softness besides low hardness and wear resistance
of pure copper limit its structural applications. Ceramics, such
as alumina (Al2O3) are good choice for the improvement of
high hardness and wear resistance of pure copper. Since
alumina is insoluble in the copper matrix, its original particle
size nor spacing is neither altered even at high temperature.
This characteristic of alumina makes the strength and con-
ductivity of the resulting composite stable even at elevated
temperature [4]. Copper is selected as matrix material owing
to its superior properties and it has proved its usefulness
ranging from domestic to space and defense applications.Elsevier B.V. All rights reserved.
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be promising candidates in several applications such as those
in homo-polar machines, spot welding electrodes and seam
welding wheels, heat exchangers, rotating source neutron
targets and rocket nozzles [5]. Furthermore, these composites
are superior in nature for elevated temperature applications
when reinforced with ceramic particles. These copper surface
composites with reinforcement of ceramic particles are used in
an environment where wear resistance is of prime
consideration.
Sun and Fujii [6] fabricated CueSiC surface composite via
FSP in one and two passes, the joints processed after two
passes resulted in a particle-rich and free region formed in the
stir zone (SZ), the particle rich region consists of refined grain
structure due to the SiC particles (SiCp) stimulated nucleation
in the dynamic recrystallization (DRX) of copper during the
FSP process. Barmouz et al. [7] fabricated the Cu/SiC surface
composites via FSP with 5 mm and 30 nm SiCp and without
SiCp by varying the volume fraction. From the result, it is
observed that FSP of pure copper without powder increased
the percentage of elongation and decreased the tensile strength
whereas FSP of copper with SiCp it is observed that the tensile
properties of the surface composites were slightly lower than
the base metal (BM). Several researchers [2,8] reported that
the process parameters like tool pin profile, tool rotation rate,
traveling speed and tool penetration depth, exhibited signifi-
cant effects on the properties of metal matrix composites.
Azizieh et al. [9] studied the effect of rotation speed and probe
profile on microstructure and hardness of AZ31/Al2O3 nano
composites. Mahmoud et al. [10] and Kurt et al. [11] inves-
tigated the effect of rotation speed and traveling speed on
formation and obtained properties of Al/SiC composites. This
conventional parametric design of experiment approach is
time-consuming and calls for enormous resources. Hence ef-
forts must be placed on developing effective, analytical
methods to study FSP process. To study the effect of process
parameters by limiting the number of experiments using sta-
tistical methods such as the Taguchi approach could be very
useful [12].
From the reported literature, it is observed that influence of
Al2O3 reinforced particles on mechanical properties of
CueAl2O3 surface composites (CASCs) via FSP was not
studied. Hence the objective of present investigation is to
study the influence of reinforcement particles on mechanical
properties of CASCs fabricated via FSP and obtain the opti-
mum combinations using Taguchi method. In respect of this,
the Taguchi L9 method was adopted to analyze the effect of
each processing parameters (i.e. volume percentage of rein-
forcement particles, tool tilt angle and concave angle of
shoulder) for optimum tensile strength of CASCs produced by
one pass FSP.
2. Experimental procedure
In this study a pure copper plate with dimensions of
200 mm  100 mm  3 mm was used to fabricate the surface
composites with a vertical milling machine (Make HMT FM-2, 10 hp, 3000 rpm). In order to produce surface composites
20 mm Al2O3 particles (Al2O3p) were contrived in a square
groove. The square groove was made in the advancing side
which is 1 mm far away from the centre line of the tool
rotation on the copper plate [13] and the groove size was
varied. The Al2O3p were compressed into the groove and the
upper surface of the groove was closed with a FSP tool
without pin to prevent Al2O3p to escape from the groove. In
the next stage the tool is plunged with the pin into the plate to
stir the material along with the reinforcement (stir zone) to
produce the surface composites. The schematic sketch of FSP
to produce surface composite is shown in Fig. 1. The optimum
rotational and traverse speeds, resulting in an optimum level of
mechanical properties were taken as 900 rpm and 40 mm/min
respectively [14]. Mechanical properties of the BM are pre-
sented in Table 1. H-13 tool steel with shoulder diameter,
square pin diameter and length of the pin are considered as 24,
8 and 2.5 mm respectively. The specimens were clamped on to
backing plate and fixed by the bolts. Single pass FSP was used
to fabricate CASCs.
After FSP, microstructural observations were carried out at
the cross section of SZ of surface composites normal to the
FSP direction, mechanically polished and etched with 100 ml
distilled water, 15 ml HCl and 2.5 g ferric chloride. Micro-
structure changes were observed by optical microscope
(Model: Nikon; Make: Epiphot 200), in the SZ.
The tensile specimens were prepared as per the ASTM E8
standards by Wire cut Electrical Discharge Machine to the
required dimensions which is normal to the FSP direction. The
tensile test was conducted with the help of a computer
controlled universal testing machine (Model: Autograph;
Make: Shimatzu) at a cross head speed of 0.5 mm/min.
Similarly the impact specimens were taken in transverse to the
processing direction as per ASTM A370 standards. The charpy
‘V’ notch impact test was carried out using pendulum type
impact testing machine at room temperature. The schematic
sketch of both tensile and impact specimens were shown in
Fig. 2. The fractured surfaces of the tensile and impact tested
specimens were analyzed using a scanning electron micro-
scopy (SEM-Hitachi, SU 6600) to study the fracture
morphology and establish the nature of the fracture.
Microhardness test was carried out using Vickers digital
microhardness tester (Model: Autograph, Make: Shimatzu)
with a 15 g load for 15 s duration at the cross section of SZ of
surface composites normal to the FSP direction.2.1. Experimental design using Taguchi's methodThe working range of selected parameters under the present
study and constant process parameters are presented in
Tables 2 and 3 respectively. In this study trial experiments
were conducted by varying the volume percentage (vol.%age)
of the reinforcement particles and keeping the other parame-
ters constant to find the working range of vol.%age of rein-
forcement particles. Feasible levels of the process parameters
were chosen in such a way that the surface composite should
be free from defects.
Fig. 1. Schematic diagram of friction stir processing.
Table 1
Mechanical properties of base metal.
Material UTS/MPa YS/MPa % EL IT/J Microhardness/HV
Pure copper 260 231 31 18 110
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design [15]. It is an efficient tool which enables the up grada-
tion of the performance of the product, process and design with
significant prediction of cost and time [16]. The main trust of
Taguchi's technique is the use of parameter design, which is an
engineering method for product or process design that focuses
on determining the parameter settings producing the best level
of a quality characteristic with minimum variation. It is simple,
efficient and systematic approach to determine optimal process
parameters. Taguchi design provides a powerful and efficient
method for designing processes that operate consistently and
optimally over a variety of conditions. This technique reduces
drastically the number of experiments that are required to
model and optimize the responses. Experimental design
methods were developed in the early years of 20th century and
have been extensively studied by statisticians since then, but
they were not easy to use by practitioners [17]. Taguchi's
approach to design of experiments is easy to be adopted and
applied for users with limited knowledge of statistics; hence itFig. 2. Schematic diagram of tenhas gained a wide popularity in the engineering and scientific
community. There have been plenty of recent applications of
Taguchi techniques to materials processing for process opti-
mization. The system performance could be optimized by
means of systematic setting of design parameters and reducing
the fluctuations. Taguchi's method employs a special design of
orthogonal arrays to study entire process parameters space with
small number of experiments [18]. Taguchi defines three cat-
egories of quality characteristics in the analysis of Signal/Noise
ratio (S/N ratio). They are categorized as (i) the Smaller-the-
better (ii) the Larger-the-better and (iii) Nominal-the-better.
The S/N ratio for each combination of the process parameters
is computed based on Signal Noise analysis. A larger S/N ratio
corresponds to better quality characteristics in all the above
mentioned three categories. Therefore, the optimum level of
process parameters is the level of highest S/N ratio. S/N ratio
for Larger-the-better is characterized using Equation (1)
h¼10lg
"
1
n
Xn
i¼1
1
y2i
#
ð1Þ
where ‘h’ denotes S/N ratio of experimental values, ‘yi’ rep-
resents the experimental value of the ith experiment and ‘n’ is
the number of experiments.sile and impact specimens.
Table 2
Working range of the selected parameters.
Symbol Parameters Levels
(1) (2) (3)
A Al2O3 p/Vol% 4 8 12
B Tilt angle/() 1 2 3
C Concave angle/() 4 6 8
Table 4
Experimental layout L9(3
4) orthogonal array.
Expt. No A B C
FSP 1 1 1 1
FSP 2 1 2 2
FSP 3 1 3 3
FSP 4 2 1 2
FSP 5 2 2 3
FSP 6 2 3 1
FSP 7 3 1 3
FSP 8 3 2 1
FSP 9 3 3 2
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software MINITAB-16. The two points are considered before
selection a particular orthogonal array for conducting experi-
ments; i.e. the number of parameters and interactions of interest
and the number of levels for the parameters of interest. The
non-linear behavior, if it exists among the process parameters
can only be studied if more than two levels of the parameters
are used. Therefore, each parameter was analyzed at three
levels. Each of three level parameters has two degrees of
freedom (DF) [DF equals to the number of levels minus one].
The total DF required for three parameters each at three levels
is six. As per Taguchi's method the total DF of selected
orthogonal array must be greater than or equal to the total DF
required for the experiment. Hence L9(3
4) orthogonal array was
selected in the present work. Each condition of experiments
was repeated twice in order to reduce the noise error effects.
The format of L9 orthogonal array was presented in Table 4.
The quality characteristics such as ultimate tensile strength
(UTS), yield strength (YS), percentage of elongation (% EL),
microhardness and impact toughness (IT) of surface composite
were evaluated for all the trials and then statistical analysis of
variance was carried out. Based on analysis of variance, the
contribution of each element influencing the quality charac-
teristic is evaluated. The optimum combinations of process
parameters were predicted and verified.
3. Results and discussion3.1. MicrostructureThe optical microstructures of all (FSP 1e9) the CASCs
were examined and presented in Fig. 3. It is observed that the
sample made at the optimum condition (i.e. A3B2C1) resulted
in uniform distribution of the reinforced particles in the pro-
cessed zone. This may be due to the position of the groove
exactly tangent to the tool pin. It is also observed that, severeTable 3
Constant process parameters.
Parameters Value
Tool rotation speed/rpm 900
Tool travel speed/(mm$min1) 40
Tool pin profile Concave shoulder with
square pin profile
Tool shoulder diameter (Ds)/mm 24
Tool pin diameter (Dp)/mm 8
Ds/Dp ratio/mm 3
Number of passes 1plastic deformation and frictional heating in the SZ during
FSP resulted in generation of a recrystallized equiaxed
microstructure which is due to the occurrence of DRX.3.2. Mechanical propertiesMechanical properties such as UTS, YS and IT were
evaluated and presented in Table 5. It is observed that the
increase in UTS and YS of the surface composites is accom-
panied by a decrease in ductility with increase in volume
fraction of the Al2O3 particles [19]. The increased UTS of the
surface composites over the pure copper matrix is due to the
grain refinement of copper in the surface composite which can
be related to the interaction between the powder particles and
dislocations within the matrix. It is also found that with in-
crease in the addition of Al2O3 reinforcement particles
recrystallization temperature is increased by pinning grain
boundaries of the copper matrix and blocking the movement of
dislocations and thus improving strength at elevated temper-
ature [20]. The elongation of the friction stir processed spec-
imens with the addition Al2O3 particles were reduced as
compared to the pure copper [21]. This may be due to increase
in vol.%age of reinforced particles which increases the
effective slip distance of dislocations during the deformation.
Higher impact toughness value was observed at higher volume
fraction of the reinforced particles with copper matrix. This is
attributed to the addition of reinforced particles which causes
softening of the matrix due to frictional heat of the tool
shoulder and pin.
The highest hardness value of 137 HV have been observed
in the SZ for the sample processed at condition of FSP 8. This
may be due to presence of finer grains with hard Al2O3 par-
ticles in the SZ. The continuous DRX due to the stirring action
of the tool pin creates new nucleation sites leading to reduc-
tion of the grain size.
3.2.1. Fractography
The tensile and impact fracture surface of the BM and
friction stir processed samples made at FSP 8, FSP 6 and FSP
4 conditions of experimental layout corresponding to opti-
mum, medium and lower values of quality characteristics were
analyzed by SEM to reveal the fracture surface morphology
and the results are presented in Figs. 4 and 5 respectively. The
fractured surface of the BM failed in a ductile manner by the
Fig. 3. Optical microstructures of FSP1 to FSP 9 surface composites.
379L. SUVARNA RAJU, A. KUMAR / Defence Technology 10 (2014) 375e383micro void coalescence mechanism which shows the fine
dimple structure at the fractured surface of the BM. The ten-
sile and impact fracture surfaces of friction stir processed
samples made at optimum condition (i.e. A3B2C1) shows
ductile fracture as compared to FSP 4 and FSP 6. This may be
due to the presence of many fine voids and dimples formed at
fractured surfaces in which the grain size is finer for FSPed
specimen made at optimum condition. Fracture surface of the
FSPed samples under FSP 4 and FSP 6 conditions shows both
ductile and brittle failure. This is due to dispersion of very
large number of reinforcement Al2O3 particles which severely
limits the movement of dislocations and decreases the ductility
significantly.Table 5
Mechanical properties of copper e Al2O3 surface composite.
Exp. No UTS/MPa YS/MPa EL/%
Trail1 Trail2 Trail1 Trail2 Trail1
FSP 1 167 189 127 151 7.1
FSP 2 192 178 169 133 9.8
FSP 3 183 201 137 147 8.4
FSP 4 151 195 124 144 5.4
FSP 5 197 225 153 181 9.0
FSP 6 213 183 179 131 10.2
FSP 7 232 202 191 151 10.8
FSP 8 264 276 203 213 12.7
FSP 9 217 201 177 135 10.2Regression analysis is used to evaluate the data on all the
properties of CASCs. These developed regression equations
were used in predicting the UTS, YS and IT within the
factorial space exploited.3.2.2. Development of regression models
The responses Y such as UTS, YS and IT are the function
of vol.%age of Al2O3, tool tilt angle and concave angle of
shoulder. The response function can be expressed as
Y ¼ Gðvol:%age of Al2O3; tool tilt angle;concave angle
of shoulderÞIT/J Microhardness/HV at stir zone
Trail2 Trail1 Trail2 Trail1 Trail2
9.3 8 10 118 124
9.2 10 6 125 121
9.6 8 10 120 122
8.0 3 5 115 131
7.8 5 7 122 132
8.0 8 8 130 124
9.8 12 8 134 128
14.5 14 14 132 142
9.8 10 8 134 130
Fig. 4. Fractographs of tensile (aed) of FSP samples (a) FSP4 (b) FSP6 (c) FSP8 (d) BM.
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For the three factors, the selected polynomial (regression)
could be expressed as
Y ¼ b0 þ b1A2 þ b2A þ b3B2 þ b4B þ b5C2 þ b6C þ 3
ð2Þ
where Y denotes the performance characteristics and A, B, and
C are the process parameters， b0 is the free term of theFig. 5. Fractographs of impact (aed) of FSP saregression Eq. (2) the coefficients b1, b3 and b5 are the
quadratic terms, b2, b4 and b6 are the liner terms and ‘ 3’ is the
experimental error. The coefficients of the variables are
calculated for different responses [22]. After determining the
coefficients, the regression equations were developed. These
equations were used to predict the UTS, YS and IT within the
factorial space exploited [23]. The correlation coefficients for
the observed properties were summarized in Table 6. High
correlation coefficient indicates good relationship between themples (a) FSP4 (b) FSP6 (c) FSP8 (d) BM.
Table 7
Validation of the optimum results.
Quality
characteristics
Optimum condition Optimum
valve
Experimental
value
UTS/Mpa A3, B2, C1 i.e.,
Vol% at 12, Tilt
angle at 2, Concave
angle at 4
263 270
YS/MPa 206 208
EL/% 13.46 13.6
IT/J 14.31 14
Microhardness/HV 136.6 137
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efficient of correlation (R2) is defined as the ratio of explained
variation to the total variation and measure of degree of fit of
the model. When it approaches to unity, the developed model
fits the actual data with given confidence. Here all models
have higher values of R2 i.e. above 95% which means that the
regression model provides an excellent explanation of rela-
tionship between parameters and responses. All these models
are statistically significant at 95% confidence level.
3.2.3. Optimization and validation of process parameters
performance characteristics
The optimization of vol.%age of reinforced particles, tool
tilt angle and concave angle of shoulder using Taguchi tech-
nique permits evaluation of the effects of individual elements
independent of other elements on the identified quality char-
acteristics i.e. UTS, YS and IT. The influence of process pa-
rameters can be evaluated by determining the S/N ratio for
each factor at each level. From the main effect plots analysis,
the optimum parametric combinations for better mechanical
properties are obtained and the predicted values for various
responses at optimum condition are calculated using the pre-
dicted S/N ratio (hopt) in the following equation
hopt ¼ hmþ
Xn
i¼1

hjm hm
 ð3Þ
where ‘hjm’ is the mean S/N ratio of optimum level and ‘j’ is
the number of process parameters that affect the response. For
validation of the optimum results, experiments are conducted
at optimum condition and the results are presented in Table 7.
It is observed that experimental values were closer to the
optimum values.
3.2.4. Analysis of variance (ANOVA)
The main purpose of the ANOVA is the application of a
statistical method to identify the effect of individual factors on
the process responses. The Taguchi experiment method could
not judge the effect of individual parameters on the entire
process. The percentage of contribution using ANOVA is used
to compensate for this effect. The percentage of contribution is
the portion of the total variation observed in the experiment
attributed to each significant factors and/or interaction which
is reflected. In order to find the effect of process parameters on
various responses, ANOVA is performed and the results are
presented in Table 8. The calculated F-values of the ANOVA
for various responses determine the relative significance ofTable 6
Regression equation for the mechanical properties of Copper- Al2O3 surface com
Sl. No. Response Regression equation
1 UTS/Mpa Y ¼ 185  34.5*A þ 115*B  92
2 YS/Mpa Y ¼ 128  19.5*A þ 105*B  70
3 EL/% Y ¼ 12  6.93*A þ 6.95*B  4.6
4 Impact toughness/J Y ¼ 23.9  14.2*A þ 5.17*B  1
5 Microhardness/HV Y ¼ 116 þ 1.5*A þ 13.5*B  6.3different process parameters. Results of ANOVA revealed that
the process parameters have significant effect on all the quality
characteristics. The same optimum condition is observed in
UTS, YS and IT.
3.2.5. Percentage of contribution
Based on the results presented in Table 8. Vol.%age of rein-
forcement particles (Al2O3) is found to be the most influencing
process parameter followed by tool tilt angle and concave angle
at the tool shoulder. The percentage of contribution is the portion
of the total variation observed in the experiment attributed to
each significant factor. The percentage of contribution is the
function of the sum of the squares for each significant item and it
indicates the relative power of a factor to reduce the variation. If
the factor levels are controlled precisely then the total variation
could be reduced by an amount which is indicated by percentage
of contribution. The percentage of the vol.%age of reinforce-
ment particles is higher because these particles play an important
role in material strength through dislocation and grain boundary
pinning mechanism. The presence of hard reinforcement parti-
cles thus enhances the hardness.
4. Conclusions
The influence of process parameters such as vol.%age of
Al2O3p, tool tilt angle and concave angle of the shoulder on
mechanical properties of CueAl2O3 surface composites
fabricated via FSP were investigated and the following con-
clusions were drawn.
1) The process parameters such as vol.%age of Al2O3 parti-
cles, tool tilt angle and concave angle of the tool shoulder
were found to have an important role in the quality of the
obtained surface composites.posite.
Coefficient of correlation
R-sq/%
.3*C þ 14.5*A2  27.5*B2 þ 22*C2 95.7
.3*C þ 9.17*A2  25.8*B2 þ 16.7*C2 97.9
7*C þ 2.03*A2  1.62*B2 þ 1.03*C2 95.1
0.3*C þ 3.83*A2  1.17*B2 þ 2.33*C2 97.4
3*C þ 1.833*A2  3.17*B2 þ 1.33*C2 99.9
Table 8
ANOVA analysis results for various responses.
Process parameters Degree of
freedom (DF)
Sum of
squares (SS)
Adj-sum of
squares (Adj-SS)
Adj-mean sum of
squares (Adj-MS)
F-ratio P % of
contribution
(a) for UTS
A 2 6.1431 6.1431 3.0715 22.57 0.042 56.89
B 2 2.6609 2.6609 1.3305 9.77 0.093 24.64
C 2 1.7202 1.7202 0.8601 6.32 0.137 15.93
Error 2 0.2722 0.2722 0.1361 2.54
Total 8 10.7964
(b) for YS
A 2 5.2807 5.2807 2.64036 34.93 0.028 49.30
B 2 3.6382 3.6382 1.81908 24.07 0.040 33.97
C 2 1.6394 1.6394 0.81970 10.84 0.084 15.30
Error 2 0.1512 0.1512 0.07558 1.43
Total 8 10.7094 100
(c) for % EL
A 2 13.3294 13.3294 6.6647 15.42 0.061 59.74
B 2 5.3649 5.3649 2.6825 6.21 0.139 24.04
C 2 2.7531 2.7531 1.3766 3.18 0.239 12.33
Error 2 0.8645 0.8645 0.4323 3.89
Total 8 22.3119 100
(d) for IT
A 2 45.781 45.781 22.8906 40.71 0.024 62.8
B 2 6.173 6.173 3.0865 5.49 0.154 8.47
C 2 19.734 19.734 9.8670 17.55 0.054 27.1
Error 2 1.125 1.125 0.5623 1.63
Total 8 72.813 100
(e) Microhardness
A 2 1.01179 1.01179 0.505897 161.62 0.006 91.35
B 2 0.06660 0.06660 0.033300 10.34 0.086 6.01
C 2 0.02285 0.02285 0.011427 3.65 0.215 2.06
Error 2 0.00626 0.00626 0.003130 0.58
Total 8 1.10751 100
382 L. SUVARNA RAJU, A. KUMAR / Defence Technology 10 (2014) 375e3832) The same optimum condition (i.e. A3B2C1) is observed in
UTS, YS, IT and microhardness of CASCs. This is due to
the presence of hard Al2O3 reinforcement particles in the
copper matrix.
3) Tensile properties of CASCs increases with increase in the
vol.%age of reinforcement particles. This is due to the
addition of the hard Al2O3 reinforcement particles which
increases the recrystallization temperature by pinning
grain boundaries of the copper matrix and blocking the
movement of dislocations.
4) Severe plastic deformation and frictional heating in the SZ
during FSP resulted in generation of a recrystallized
equiaxed microstructure this may be due to the occurrence
of DRX.
5) The tensile and impact fracture surfaces of friction stir
processed samples made at optimum condition shows
ductile fracture as compared to other conditions. This is
due to the presence of fine equiaxed grains which results in
the formation of fine voids and dimples at fractured
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